Objective: Cartilage mass produced from mesenchymal stem cell (MSC) differentiation would be a suitable candidate for use in regenerative medicine. Since the proper function of cartilage tissue is largely dependent on matrix glycosaminoglycan (GAG) contents, the objective of this study was to investigate the enhancing effect of two GSK3 inhibitors on the GAG content of cartilage produced by human marrow MSCs in vitro chondrogenesis.
Introduction
Mesenchymal stem cells (MSc) are classified as adult stem cells which reside in multiple tissues of the body. These cells were first isolated by Friedenstein et al from bone marrow tissues. These investigators described the cells as an adherent population with colonogenic ability capable of producing bone and cartilage-like deposits in cultures (1, 2). The capacity of self renewal over a relatively long period and the potential for multilineage differentiation, especially into bone cartilage and adipose cells, are the most important characteristics described for MSCs (3) (4) (5) . Although no single specific surface antigen has been described to date for these cells, it has been shown that MSCs are characterized by not being positive to endothelial and hematopoietic markers but positive for certain markers including CD105, CD44, CD73 and CD90 (6) . MSCs are considered as appropriate candidates for implementing regeneration, especially in large articular cartilage defects, thanks to their multilineage differentiation potential and long term self renewal capacity (7) (8) (9) (10) (11) (12) . In such cell-based treatment of tissue defects one strategy would be the transplantation of fully differentiated MSCs into injured tissues. This requires designing appropri-ate culture conditions to differentiate the cells into the desired cell lineages. There are two critical requirements to direct MSCs toward cartilage differentiation: the cells must be in close association with each other (condensation) and they should be provided with inducing molecules. The micro mass culture system has been designed to fulfill the first requirement (cell condensation). In this system, the cells are placed in a tube and centrifuged to a condensed aggregate. The resultant pellet is then added to a chondrogenic medium which provides appropriate inducers for cell differentiation. Transforming growth factor beta 3 (TGF-beta 3) is the most crucial inducer included in the chondrogenic medium. This growth factor initiates its own signaling pathway, resulting in the expression of cartilage specific genes and production of cartilage-specific matrix among the differentiated cells (13) (14) (15) (16) (17) . Cartilage matrix is a flexible gel-like material which, in articular cartilage, acts as a biochemical spring in that it loses water when bearing weight and regains it upon weight removal. The interstitial fluid binding capacity of the cartilage matrix largely depends on its glycosaminoglycan (GAG) contents (18). Some evidence has indicated the indirect effect of proteoglycan on cartilage development. In this regard Fisher et al have established a micro mass culture using limb mesenchymal cells treated with exogenous heparin sulfate proteoglycan. Their findings have indicated that exogenous heparin sulfate dramatically enhanced the ability of bone morphogenetic protein 2 (BMP2) to stimulate chondrogenesis and cartilage specific gene expression and reduce the concentration of BMP2 needed to stimulate chondrogenesis (19). In addition, the integrity as well as the proper function of the cartilage tissue is related to its GAG contents. Some investigations have emphasized the important role of cartilage GAG in developing osteoarthritis. According to this research, during the progression of osteoarthritis, it is the decreased proteoglycan content and altered proteoglycan structure of cartilage which finally lead to microscopic degenerative changes including cartilage cleft, chondrocyte cloning, loss of methachromasia and chondrocyte death (20-21). The Wnt signaling pathway is a conserved molecular mechanism in multicellular animals regulating cell proliferation, differentiation, apoptosis, migration and cell fate (22). This pathway is initiated by Wnt molecules which, upon bonding on their membrane receptor, activate a mechanism resulting in expressions of target genes in the nucleus. It has been reported that the wnt signaling pathway may have an impact on cartilage differentiation. On the other hand, lithium Chloride and a reagent called SB216763 have been recognized as Glycogen synthase kinase 3 (GSK3) inhibitors of the Wnt signaling pathway (22-24). It is not clear whether or not Lithium and SB216763 are involved in MSC chondrogenesis in vitro. The present study deals with this issue. The purpose of the present study is to investigate the chondrogenic effects of Lithium chloride and SB216763 on human marrow-derived MSCs in culture. To evaluate these effects, micromass chondrogenic cultures of human marrow-derived MSCs were established and treated with either Lithium or SB216763, followed by quantification of the GAG contents of either culture in comparison to that for conventional chondrogenic culture.
Materials and Methods

Isolation and culture of mesenchymal stem cells
This study was performed after being approved by the Ethics Committee of the Royan Institute. MSCs were derived from bone marrow aspirates collected from patients who volunteer for autologous MSC transplantation for articular cartilage lesions at the cell therapy centre of the Royan Institute. In brief, about 5 ml aliquots of bone marrow aspirate were diluted with 5 ml phosphate buffer solution (PBS), (Sigma, Germany), loaded over 20 ml of 1.077 g/ cm Lymphodex (Inno-Train, Sweden) and centrifuged at 400× g for 20 minutes. The layer containing mononuclear cells was then collected, washed two times with PBS and plated at 10 6 cells/ml in dulbecco modified eagle medium (DMEM, Sigma, Germany) supplemented with 15% fetal bovine serum (FBS, Gibco, Germany) and 100 IU/ml penicillin and 100 μg/ml streptomycin (Gibco, Germany). The cultures were incubated at 37 ºC in an atmosphere of 5% CO 2 . After 3 days the culture medium was removed along with non adherent cells and fresh medium was added. The cultures were maintained till 70-80% confluency was achieved. At this time they were trypsinized using 0.05% Trypsin in 0.53 mM EDTA and replated at 1:3 ratios as passage 1. This procedure was repeated several times till sufficient cells were provided for the following experiments.
Flowcytometry analysis
To determine the surface epitope profile of the isolated cells, flow cytometric analysis was performed. About 10 6 cells from passaged-3 cultures placed in 5 ml tubes were provided with 5 μl of either propidium iodide (PI) or fluorescein isothiocyanate (FITC)-conjugated antibody and 5μl of blocking buffer and incubated at 4°C for 20-25 minutes in a dark place. The cells were added with 1 ml washing buffer consisting of PBS supplemented with 1% FBS and centrifuged at 1200 rpm. The pellet was suspended in 300-500μl washing buffer and analyzed by flow cytometery equipment (FACScalibur cytometer equipped with 488 nm argon lasers). In this study IGG2 and IGG1 were used as isotope controls. WinMDI software was used to analyze the flow cytometric results. The following antibodies were used to stain the cells: FITC-conjugated CD31, CD33, CD90, CD105 and PE-conjugated CD11b, CD34, CD44, and CD73 (all purchased from Becton Dickenson, USA).
Multilineage differentiation Osteogenesis
To verify whether or not the isolated cells were populations of MSCs, differentiation cultures were established. The cells within passage 3 were plated in 6-well culture plates in a DMEM medium supplemented with 15% FBS and antibiotics at a density of 105cells/ml and allowed to become 70-80% confluent. For differentiation, the medium was then replaced by the induction medium; which was DMEM supplemented with 50 mg/ml ascorbic 2-phosphate (Sigma, USA), 10 nM dexamethasone (Sigma, USA) and 10 mM ß glycerole phosphate (Sigma, USA), for about 3 weeks at the end of which the occurrence of differentiation was evaluated by Oil red staining as well as the RT-PCR method.
Alizarin red staining
The osteogenic cultures were first fixed with methanol for 10 minutes, followed by exposure to alizarin red solution for 2 minutes. Finally the cultures were washed with distilled water and observed using a light microscope.
Adipogenesis
For this purpose the medium of the partially confluent MSC cultures was replaced with adipogenic medium consisting of DMEM medium containing 100 nM dexamethazone (Sigma, USA) and 50 mg/ml indomethasine (Sigma, USA) for a 3-week culture period. Lipid droplets that developed in differentiating cells were then stained with Oil red staining.
Oil red staining
First the adipogenic cultures were fixed with 4% formalin at room temperature, followed by washing with 70% ethanol. Then the cultures were stained with oil red solution in 99% isopropanol for 15 minute. At the end, the stain solution was removed and the cultures were washed with 70% ethanol and observed by light microscope.
Chondrogenesis
For chondrogenic differentiation, a micromass culture system was used. About 2.5×10 5 passaged-3 cells were aggregated into pellets by centrifuging at 1200 g for 5 minute then provided with a chondrogenic medium which consisted of DMEM supplemented with 10 ng/ml transforming growth factor-ß3 (Sigma, USA), 10 ng/ml bone morphogenetic protein-6 (Sigma,USA), 50mg/ml insulin/ transferin/selenium+ premix (Sigma, USA) and 1.25 mg bovine serum albumin (Sigma, USA), and 1% FBS (Gibco, UK). Methachromatic matrices produced among the cartilage cells were visualized by toloidine blue staining of 5 μm sections prepared from the micromass cultures.
Toluidine blue staining
Chondrogenic pellets were fixed in 4% formalin; dehydrated in ascending ethanol; cleared in xylene; embedded in paraffin wax and sliced into 5μ sections by microtome. The sections were then stained with toluidine blue for 30 seconds at room temperature and viewed by light microscope.
RNA extraction and RT-PCR analysis of gene expression
Using RNX-Plus TM solution (CinnaGen Inc., Tehran, Iran) total RNA was collected from the osteoblastic, chondrocytic and adipocytic cultures. The RNA samples were then digested with DNase I (Fermentas, Germany) to remove contaminating genomic DNA. Standard reverse-transcription reaction was performed with 5 μg total RNA using Oligo (dT) 18 as a primer and RevertAid TM H Minus First Strand cDNA Synthesis Kit (Fermentas, Germany) according to the manufacturer's instructions. Subsequent PCR was done with 2.5 μl cDNA, 1X PCR buffer (AMS), 200 μM dNTPs, 0.5 μM of each primer pair (Table 1 ) and 1 unit/25 μl reaction Taq DNA polymerase (Fermentas, Germany). The products were analyzed on 2% agarose gel and visualized by ethidium bromide staining. For every reaction set, one RNA sample was prepared without RevertAidTMM-MuLV Reverse Transcriptase (RTreaction) in order to provide a negative control in the subsequent PCR. To minimize variation in the RT reaction, all RNA samples from a single experimental setup were reverse transcribed simultaneously.
Lithium and SB216763 concentration selection
Varying concentrations of either Lithium Chloride (Sigma, USA) or SB216763 (Sigma, USA) were investigated in terms of their cytotoxic effects on human marrow-derived MSCs to determine the optimal concentration for use in chondrogenic cultures.
Lithium Chloride and maintained at 37 ºC in an atmosphere of 5% CO 2 and 95% humidity for a period of about 21 days, during which the medium was refreshed twice weekly. The pellets cultivated in chondrogenic medium without any treatment were taken as the controls. At the end of cultivation period some pellets were sectioned for toluidine blue staining and the others were utilized for the quantification of their GAG contents.
Chondrogenic culture with SB216763 treatment
To establish this culture, similar MSCs pellets were provided with chondrogenic medium supplemented with 1 μm SB216763 and incubated at conditions similar to that for the Lithium-treated cultures.
Quantification of GAG
Three weeks after initiation of the chondrogenic culture, the GAG deposited among the differentiating cells was quantified using an acidic mucopolysaccarid kit. The procedure was performed according to the manufacturer's instructions. Briefly, enzyme solution provided with the kit was added to the cells, followed by heating at 60ºC for an hour. After cooling, the digested tissue was pipetted into a 5 ml tube together with about 2 ml of staining solution. The solution was mixed thoroughly for 20min and the absorption value obtained at 650nm using an Elisa plate reader was recorded. To calculate the amount of GAG in each culture the optical density (OD) values recorded for each group were compared with the calibration curve that was plotted by graphing absorbance as a function of known concentrations of chondroitin sulfate that were provided with the kit.
Statistical Analysis
Each experiment described in this study was 
Aggrecan
For this purpose 2×10 4 passaged-3 cells were plated in a 24-well culture plate in a DMEM medium containing 15% FBS and antibiotics. After 24 hours the medium was supplemented with either varying concentrations of Lithium, including 3, 5 and 7 mM, or different concentrations of SB216763, including 0.2, 0.1, 1, 2 and 3 μM. All cultures were maintained for an additional 24 hours at the end of which the cultures were evaluated for the number of viable cells.
MTT assay
To determine the viable cell number in each culture, an MTT [3-(A, 5-dimethylthiazol-2-yl)-1, 5-diphenyl tetrazulium bromide] (MTT, Sigma, USA) assay was performed. The cells were washed with PBS, provided with MTT (5 mg/mL in PBS) solution diluted in DMEM at a ratio of 1:5 and incubated for 2 hours at 37ºC. The MTT was then replaced by 0.5 ml of extraction solution (dimethylsulphoxide: DMSO). The absorbance of the supernatant was then recorded using a microplate reader (BioTek EL ×800, USA) at 540 nm. The cell number was determined through a standard curve that was established by using a known cell number.
Chondrogenic culture with Lithium chloride treatment
Multiple pellets of MSCs were produced by centrifuging about 2×10 5 passaged-3 cells at 1200 rpm. Some pellets were then cultivated in chondrogenic medium (DMEM contained 10 ng/ml transforming growth factor-ß3, 10 ng/ml bone morphogenetic protein-6, 50mg/ml insulin/ transferin/selenium+ premix and 1.25 mg bovine serum albumin, and 1% fetal bovine serum) supplemented with 5 mM replicated for cells from 5 human beings. All values are stated as means ± standard deviations. The results of the SB216763 and Lithium concentration selection as well as the data from the GAG quantification were analyzed with ANO-VA. A p<0.05 was considered to be statistically significant.
Results
Cell culture
At primary culture, some marrow cells adhered and established the culture while others failed to adhere, remained floating and were later discarded when the medium was replaced. Adhered cells formed several small colonies. These colonies grew larger and finally became confluent within 2 weeks (Fig 1A, B) . The cells were observed to be fibroblastic in morphology at primary culture. This fibroblastic morphology was maintained at subsequent subcultures.
Flow cytometry
According to the flow cytometry results, about 90% of the passaged-3 human MSCs expressed CD73, CD44, CD90 and CD105 on their surfaces. The surface markers CD33, CD34 and CD11b tended to be expressed on a very small percentage of the cells examined (Fig 2) . 
Multilineage differentiation
Osteogenic culture: Small nodule-like aggregations developed in the osteogenic cultures and stained red upon alizarin red staining (Fig 3A) . RT-PCR analysis indicated that the mRNA of bone specific proteins including osteocalcin, and collagen I was produced in the culture (Fig 3B) . Adipogenic culture: Lipid droplets developed in the differentiating cells in the adipogenic cultures and were positively stained red with oil red staining used for adipocyte detection (Fig 3C) . RT-PCR analysis further confirmed adipogenesis by revealing the expression of adipocyte marker genes, including PPAR-alpha and PPAR-gamma in the cultures (Fig 3D) . Chondrogenic culture: Toluidine blue staining of the sections from micro mass cultures indicated cartilage matrix production in the chondrogenic cultures (Fig 3E) . RT-PCR analysis revealed the production of collagen II and aggrecan mRNA in the differentiated cells (Fig 3F) .
Lithium and SB216763 concentration selection
According to the MTT results, 5 mM lithium chloride appeared to be the more optimal concentration in that significantly more viable cells (1.52×10 5 ± 0.021×10 5 ) were found (p<0.05). The mean number of viable cells for 3 and 7 mM Lithium Chloride and for the control were 1.41×10 5 ± 0.026×10 5 , 1.18×10 5 ± 0.027×10 5 and 1.37×10 5 ± 0.062×10 5 respectively (Fig 4A) . Regarding the SB216763 MTT results, 1 μm concen- (Fig 4B) .
Chondrogenic cultures treated with Lithium chloride
According to observations made on the sections stained with toluidine blue, human MSC chondrogenic cultures treated with lithium chloride appeared to contain metachromatic matrix, indicating that the cells had been converted into chondrocytic cell lineages and deposited cartilage-specific matrix rich in GAG (Fig 5A) . In this regard the cultures appeared to have more methachromatic matrix than the control (untreated) culture (Fig 5C) . 
Chondrogenic cultures treated with SB216763
Similarly, sections prepared from the cultures treated with SB216763 contained methachromatic matrix which stained purple with toluidine blue (Fig 5B) . Apparently, in this regard, there was no significant difference between the SB216763 and Lithium treated cultures but the difference between SB216763 treated cultures and the control, untreated culture was obvious.
GAG quantification
The quantification of GAG in the cultures confirmed observations made on the stained sections prepared from different culture groups. According to this assay the GAG concentration for the culture with SB216763 supplementation was about 6.17 ± 0.7 μg/ ml (Fig 5A) . In this regard there was no significant difference between SB216763 and Lithium-treated cultures (6.12 ± 1.1μg/ml). The GAG concentration of both cultures were significantly higher than that of the controls (2.00 ± 0.3μg/ml; p<0.05). 
Discussion
The present investigation was an attempt to enhance in vitro chondrogenic differentiation of human marrow-derived MSCs. Cartilage tissue produced by MSC differentiation would be an appropriate candidate with which to implement regeneration of articular cartilage, which proves hard to repair. The alternative option, i.e. chondrocyte transplantation, is associated with problems such as difficult ex vivo propagation of the cells and their dedifferentiation during proliferation.
One important strategy in cell-based treatment of tissue defects is transplantation of fully-differentiated, rather than undifferentiated cells. This requires an appropriate design for in vitro cartilage differentiation of the MSCs, with suitable medium supplemented by a potent inducer.
In the present study, to enhance chondrogenic effects, two agents that inhibit GSK3 were added to conventional chondrogenic medium. Our results indicated that both agents were able to enhance cartilage differentiation in human MSCs, reflected in a significantly higher production of GAG among the differentiated cells. These data will be of great importance to professionals involved in a cell therapy approach to regenerating cartilage defects and enable them to generate a cartilage mass with large GAG contents. In a former study, Lithium Chloride was used in chondrogenic cultures of MSCs, which had also been treated with TGF beta3 growth factor. The objective of the investigation was to stimulate the Wnt signaling pathway and to examine the collaboration of this pathway with the TGF beta pathway. Therefore the authors investigated the expression of certain molecules, including beta catenin which is involved in the signaling pathway (25). The present study was designed to explore the Lithium chloride effects on matrix production in human marrow MSC chondrogeenic culture. To achieve this goal, the culture was treated with Lithium chloride, followed by quantification of GAG production among the differentiating cells. Regarding SB216763, no data were available on the chondrogenic effect of this reagent on MSC cartilage differentiation culture. Previous research work has indicated the role of SB216763 as a GSK3 inhibitor in chromaffin cells found in the adrenal gland (26). A limited number of studies have also addressed the effects of Lithium chloride and SB216763 reagents on chondrocyte differentiation in some non MSC cell cultures. For example Ravi et al have conducted research to investigate the role of GSK3 inhibition on endochondral bone development. They have established an explant culture of murine metatarsal bone and treated the cultures with either lithium chloride or SB216763, two reagents with potent GSK3 inhibitory activity (27) . The following evaluations of the culture demonstrated that chondrocyte differentiation was repressed and the cell proliferation was inhibited in explants. In the present study, in which human MSCs were cultivated in a micro mass system in the presence of lithium chloride or SB216763, the results tended to be opposite, in that we observed the enhancement of cartilage differentiation (manifested as increased GAG production). The causes of such discrepancies are probably the differences in cell kind, as well as the culture conditions utilized by each study. More notably, in contrast to the medium used by Ravi et al, our culture contained TGF beta3 in addition to either the lithium or SB216763 reagents. It would be the interaction or cross-talk between the pathways initiated by TGF beta3 and either Lithium chloride or SB216763 that finally resulted in the enhanced chondrogenesis observed in the present study. This point has already also been suggested by Nemoto et al. (26) . In another study, conducted by Kitton et al, similar results have been obtained using bovine retinal pericyte micro mass cultures treated with a chondrogenic medium supplemented by both TGF beta3 and Lithium chloride (28). In this study one major concern was the selection of appropriate concentrations of Lithium and SB216763 for use in chondrogenic culture. There were two potential options: one was to examine several concentrations of each reagent directly in chondrogenic cultures and the alternative was to first examine a range of concentrations of both reagents in proliferation cultures in order to determine concentrations with minimal cytotoxic effects and then to treat the differentiation culture with those concentrations. Of these potential options we used the second, since examining the varying concentrations of the reagents directly in chondrogenic medium requires many more cells, expensive chondrogenic media and expensive GAG quantification kit. Given the human source of the cells, obtaining sufficient cell numbers requires more initiating material (bone marrow).
On the other hand it is more likely that the concentration of reagents apparently associated with a relatively less viable cell number in proliferation culture may have a more potent chondrogenic effect. This point, however, needs further investigation. The other point that needs to be explained is the mechanism by which these two reagents promote their effects in MSC chondrogenic culture. Bearing in mind the role of both reagents as GSK3 inhibitors helps shed light on the possible course of events occurring inside differentiating cells. GSK3 inhibition can block destruction by Axin/ APC/GSK3, hence beta catenin is protected from destruction and finally enters the cell nucleus to exert its effects on target transcription factors. The end result of such events is the production of cartilage mass high in GAG content, which accumulates among the differentiating cells as ECM.
The regulation of the molecules involved in the Wnt pathway was not examined in this study and therefore needs to be confirmed by further investigation.
Conclusion
Taken together, both lithium chloride and SB216763 treatment of chondrogenic culture prepared from human marrow-derived MSCs produced a statistically significant greater yield of GAG-rich extracellular matrix (ECM). Using these reagents in chondrogenic cultures can lead to the production of cartilage mass high in GAG content. Since GAG imparts the specific property of cartilage tissue i.e. load bearing without tissue disassociation, such cartilage would be a suitable construct to implement regeneration of articular cartilage defects.
